Electric vehicles (EVs) 
Introduction
The development of EV is an important direction of modern vehicles. However, the restriction of the EV's rapid growth is mainly due to the lack of the EV charging facilities [1] . With continued development in EV charging facilities, EV loads are expected to increase dramatically in the near future and this will bring negative impact on the stability of power grids. EV loads are seldom controlled in the current practice of power system planning, which results in risks in power system operation and management.
Nowadays, the photovoltaic power generation capacity globally installed grows explosively as the capital cost of the photovoltaic power system reduces. And almost all of the photovoltaic power system is connected to the distribution grid. However, photovoltaic power generation is unstable, which is significantly affected by the weather and season. To improve the photovoltaic power utilization, the battery energy storage system (ESS) can be used to balance the differences between the photovoltaic power and EV charging power. The potential of PV systems with ESS in EVs is investigated by performing computer simulations for self-consumption and energy cost reduction [2] .
The power demand of EV day-time charging has a large overlap with photovoltaic power generation. The EV charging time during the day is shorter than the daily average parking time, which is also variable.
An ESS is a system that is capable of absorbing energy, storing it for a period of time, and then returning it for use. In an electrical grid, an ESS can be used to match supply and demand. The ESS is charged when demand is low and discharged when demand is high. Thus, the overall energy efficiency of a system is improved, and the energy flow from the electrical grid connected to the system is stabilized. Installing an ESS can enable commercial users to improve the quality and reliability of their power supply and to reduce their electricity costs [3] .
The electricity pricing policy provides guides for power demand and consumption mode of customers. Customers will respond to variable electricity prices, deciding whether they prefer charging or discharging and actively adjusting charging rate and time. In countries with a mature electricity market environment, research has been focused in this area. For instances, Cao et. al., used the time-of-use (TOU) price to find optimal charging loads, which minimizes the charging cost in a regulated market [1] . Deliami et. al., proposed a two-stage control strategy to maximize the profit of the charging station and minimize the peak load of the distribution transformer [4] .
Based on the state-of-charge (SOC), this paper focuses on the application of the model predictive control (MPC) to electric vehicle that is charged on the TOU rates. An MPC approach with the linear programming (LP) is selected to model and simulate the EV systems. An MPC strategy is selected, because its periodic re-optimization characteristic provides stability during external disturbances [5] . By using the proposed method, EVs are able to adjust charging power and reduce the cost of costumers in load demand.
PV Based EV Charging Architecture
The potential of combining smart grid technology with ESS in EVs for utilizing PV systems is investigated. This is done by creating a model of a micro grid containing a PV with ESS, EVs and a connection to the main grid. The PV-installation provides electricity to ESS and the data for 3kW PV generated power profiles per time-step is provided by Figure 1 . The day PV charging time is assumed from 7:00 am to 6:00 pm.
Figure 1. Photovoltaic Output Power
The charging units for EVs can be either on-board or off-board. In case of an on-board charger, the charger is a component of the vehicle. On-board chargers are supplied with AC power and they consist of an AC/DC rectifier, DC/DC boost converter for power factor correction and a DC/DC converter to charge the battery. Currently, AC charging is being employed to charge PEVs by means of on-board chargers.
The block diagram of PV based EV charging architecture is shown in Figure 2 . It consists of a central DC/DC boost converter which performs the function of maximum power point tracking. The PCS is integrated with the grid side and ESS at the ac line. This configuration is suitable for charging stations in the range of several kilowatts. In Figure 2 , the stored energy
Et in ESS at time t can be represented as
where ,0 e s s E is the starting time stored energy in ESS by PV system at 9:00 am, The SOC is defined as the remaining capacity of a battery and the charging power of EV battery should not exceed a certain limited value. If the rated capacity is used, the SOC at time t in i-th charging station can be expressed as T in minutes for EV charging can be derives as [6] . E is the battery capacity in kWh, , ci P is the charging station power level in kW, and  is the charging efficiency.
Efficient EV Charging Control
Since the purpose is to ensure EV charging with minimal energy consumption, the cost function must reflect its performance in a mathematical formulation. Thus, the proposed cost function minimizes energy consumption, subject to constraints on the ESS. This formulation being linear, allows the use of the LP method for solving the optimization problem. If a control horizon (H) of a 9-hour daytime is divided into 15 min switching intervals, then, N = 36 is the total number of time steps per daytime. In this paper, the authors used the following energy cost function to represent the daytime electricity expense. account for the TOU electricity rates in the k-th switching interval and the photovoltaic rate (assumed offpeak rate), respectively. In this paper, a practical rate plan in Table 1 is applied, where the time period is divided into on-peak, mid-peak and off-peak. is an optimization problem. Additional inequality constraints can also be directly imposed on the charging to regulate the charging time within a range. This implies that constraints need to be added to the cost function:
There still a potential that exists to reduce the peak load, and then save money on a TOU pricing, by wisely pre-designing the charging set-point schedules. However, performing an efficient strategy requires significant amount of knowledge and efforts from charging station operators. The MPC algorithm will be compared with the conventional on/off charging algorithm of the EV system. The on/off control algorithm is based on the revised switching levels, and it is defined as , , 1 w h e n ( ) () 0 w h e n ( )
The MPC control strategy can be explained further with Figure 4 , which shows the result of a hypothetical controller that controls the SOC levels of EV [7] . The control model uses 15 min switching intervals, and a control horizon (H) of 9 h. Note that the MPC sampling intervals are chosen to coincide with the switching intervals of the EV systems.
However, once the predicted inputs are calculated only the first predicted input is implemented and the rest of the predicted inputs are discarded. After the first predicted input is implemented the entire optimization process is repeated. This means that the EV system is switched on for 15 min, and when the 15 min interval lapses, the level of the reservoir is sampled again, the constraints are re-applied and the future statuses of the SOC are computed over the next 7 h. 
Computer Simulations
In order to verify the effectiveness of optimized charging model presented in this paper, the authors consider the multi-EV and multi-station case for performance comparison. The number of EVs and the number of charging stations are 4 and 2, respectively in Figure 5 . The battery pack of an EV is the major component that determines the range and recharging times, and it tends to be heavy and expensive. The capacity of the battery pack varies depending on the type and size of the vehicle. For example, KIA Soul has a 27 kWh capacity battery pack.
It is assumed that the starting time SOCs 
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). If the SOC of an EV charged by the station reach the target SOC, then the charging station connects with another EV. The proposed MPC is more effective than on/off method, because the two electric vehicles are charged in offpeak and mid-peak periods. Furthermore, when MPC method using ESS is used, the loads are moved out of the on-peak periods and the energy level of power with MPC control method at peak period is lower than the on/off control method. This shows that the MPC using ESS is very effective control algorithm. Figure 7 shows that combination of ESS and PV system can be an energy-saving solution that can be used to connect power grid and photovoltaic systems to maximize energy savings in peak time. MPC method using ESS results in a TOU rates saving of 30.1% (or 23.2%) for on/off (or MPC without ESS) per day. 
Conclusion
This paper proposes the MPC control algorithm with PV for saving energy cost and reducing peak demand. The combination of ESS and PV system can become fundamental for the integration in smart grids of EV charging stations to have peak shaving and power quality functions. Future works includes the applications of the MPC controller for complex micro-grid systems with electric vehicles.
